The aim of this study is to propose the measurement method of three-dimensional (3D) movement of forearm and upper arm during pitching motion of baseball using inertial sensors without serious consideration of sensor installation. Although high accuracy measurement of sports motion is achieved by using optical motion capture system at present, it has some disadvantages such as the calibration of cameras and limitation of measurement place. Whereas the proposed method for 3D measurement of pitching motion using body mounted sensors provides trajectory and orientation of upper arm by the integration of acceleration and angular velocity measured on upper limb. The trajectory of forearm is derived so that the elbow joint axis of forearm corresponds to that of upper arm. Spatial relation between upper limb and sensor system is obtained by performing predetermined movements of upper limb and utilizing angular velocity and gravitational acceleration. The integration error is modified so that the estimated final position, velocity and posture of upper limb agree with the actual ones. The experimental results of the measurement of pitching motion show that trajectories of shoulder, elbow and wrist estimated by the proposed method are highly correlated to those from the motion capture system within the estimation error of about 10 [%].
Introduction
The number of amateur athletes is increasing from year to year and some of them suffer from sports injuries. Baseball pitchers, especially, have some problems such as baseball shoulder and baseball elbow which occur due to the deterioration of arm joint, ligament and muscle during improper motion (1) - (3) . Therefore the measurement of throwing motion is essential for not only the baseball players but also the orthopedists concerned with sports injuries (4) .
The sports motion is acquired using optical motion capture system (MCS) recently (5) , (6) . The MCS enables precise measurement of body landmark but has some disadvantages such as high cost of employment and limitation of measurement place for example. To solve these problems, body mounted sensor such as accelerometer and gyroscope has been widely used for the measurement of human behavior (7) - (10) . These sensors are easy to use anywhere because of insensitive to external environment and inexpensive cost. But this method has some problems such that double integration of acceleration produces the translation including huge error and sensor installation to a limb with poor precision results in wrong orientation of the limb. In the previous study the authors proposed the estimation method of forearm movement during pitching motion in which elimination method of integration error was applied and sensor axis was assumed to be parallel to the longitudinal axis of forearm (11) , (12) . However it is essential for the precise and quick evaluation of pitching motion to derive the trajectory and orientation of upper arm as well as forearm without serious consideration of sensor installation to upper limb. The authors, therefore, propose estimation method of relation between installed sensor and upper limb by predetermined motions and three-dimensional trajectory of shoulder, elbow and wrist using two body-mounted sensors (3D sensor) mounted on upper arm and forearm. Then estimation results are compared with the 3D trajectory measured by the MCS to evaluate the effectiveness of the proposed method.
Method

Trajectory of upper limb
Three dimensional trajectory and orientation of upper arm is estimated by numerical integration of acceleration and angular velocity measured from the 3D sensor installed on upper arm. The 3D sensor mounted on forearm is used to obtain the orientation of forearm. The estimation method of the movement of upper arm is explained at first. Figure 1 illustrates the definition of coordinate system Σ 1 and Σ 2 for the 3D sensors mounted on upper arm and forearm and acceleration a 1 and a 2 and angular velocity ω 1 and ω 2 based on Σ 1 and Σ 2 , respectively. Note that suffix 0, 1 and 2 indicate the coordinate systems based on the ground, upper arm and forearm, respectively. Translation and rotation of upper arm are calculated by double integration of acceleration and single integration of angular velocity based on Σ 0 . The transformation of acceleration a s and angular velocity ω s from the coordinate system Σ s (s = 1, 2) on arm to that on the coordinate system Σ 0 based on the ground are expressed as
where a 0s and ω 0s are acceleration and angular velocity based on Σ 0 . Matrix E s is a frame matrix (FM) and consists of orthogonal unit vectors i s , j s and k s which indicate the direction of the 3D sensor based on Σ 0 . The initial FM E s at the beginning of pitching motion is determined using the average value of gravitational acceleration while standing still for several seconds. The heading direction of the 3D sensor is, however, unknown because no azimuth information such as terrestrial magnetism is acquired. Therefore the initial FM E s is temporarily determined so that vector i s of E s is oriented toward x direction of Σ 0 as shown in
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Fig.2 and is given by
where
Acceleration a sx , a sy and a sz are three directional components of gravitational acceleration g along three measurement axes of the 3D sensor. After determining the initial FM as E s (1), next FM is updated every sampling period Δt using angular velocity ω 0s as follows:
where M is a rotation matrix which rotates the former FM E s (n) by angle θ s radian about angular velocity vector ω 0s and is given by
The trajectory of upper arm is determined by double integration of a 01 in addition to the measurement of the length of upper arm and the distance from shoulder joint to the 3D sensor. The trajectory estimation of upper limb including forearm and upper arm is introduced here. The estimation of initial posture for upper limb will be explained later because it requires the spatial relations between two 3D sensors mounted on upper arm and forearm and between the 3D sensor and longitudinal axis of each arm. As shown in Fig.1 , acceleration and angular velocity of forearm based on Σ 2 are defined as a 2 and ω 2 , respectively. The FM E 2 for the 3D sensor mounted on forearm comprises of orthogonal unit vectors i 2 , j 2 and k 2 . The initial FM E 1 and E 2 are firstly derived using Eq.(4) while standing still. Then the FM is updated from Eq.(6) using ω 01 and ω 02 . The trajectory of upper arm is derived by double integration of a 01 while that of forearm is obtained so that the position of elbow of forearm corresponds to that of upper arm since the integration error of acceleration due to sensor noise and offset looses the connection between upper arm the forearm. Therefore acceleration of forearm is only used to estimate the FM while standing still and angular velocity determines the orientation of forearm through the movement.
Estimation method of spatial relation between 3D sensors and each arm
To estimate the posture of upper limb using 3D sensors installed without serious consideration about the orientation, the spatial relation between the 3D sensor and longitudinal axes of upper arm and forearm must be known after the installation. In the previous study, the authors installed the 3D sensor on upper limb so that one of sensor axes of the 3D sensor became parallel as much as possible to longitudinal axes of the upper limb with visual estimation (12) . However due to the existence of muscle, uneven surface and invisible axis in the arm, detailed evaluation on parallel installation of the 3D sensor to the arm was ignored. Therefore new method is proposed to estimate the relation between the 3D sensor and longitudinal axes of upper limb after installation. Three special movements generating acceleration and angular velocity are performed to estimate the spatial relation between the 3D sensor and arm.
Relation between forearm and upper arm coordinate systems
The first movement is performed to estimate the spatial relation between E 1 and E 2 as shown in Fig.3 . In this procedure, upper limb turns around shoulder with arm stretched to generate ω 1 and ω 2 . Since the elbow joint is fully extended, angular velocities ω 01 and ω 02 based on Σ 0 are equal like
Therefore E 2 with respect to E 1 is expressed by applying least square method to ω 1 and ω 2 as
Finally a transformation matrix E 12 from Σ 2 to Σ 1 which indicates the spatial relation between E 1 and E 2 is given by
Elbow rotation axis based on each FM
The second movement is performed to determine elbow joint axis vectors e 1 and e 2 with respect to Σ 1 and Σ 2 as illustrated in Fig.4 . Flexion and extension of elbow with the position of shoulder and elbow fixed generates ω 2 which corresponds to the direction of elbow joint axis e 2 . In this study, e 2 determined as follows:
Since the elbow joint vector translated from Σ 2 to Σ 0 and that from Σ 1 to Σ 0 must be equal like
then the elbow joint axis e 1 based of Σ 1 is calculated by applying Eq. (8) as
Knowing the elbow joint axes on each arm, the azimuth direction of E 2 with respect to E 1 can be determined while standing still such as setup position. At this phase, the FM E 2 for forearm is temporarily calculated as E 2 using Eq.(4). Although the FM E 2 can be determined so that the elbow joint vector e 1 agrees with e 2 , simultaneous occurrence of the coincidence between e 1 and e 2 and satisfaction of Eq.(4) rarely happens due to measurement error and sensor noise. To solve this problem, the azimuth direction of E 2 is determined so that E 2 is rotated by φ around vertical axis z in Σ 0 until the projections of e 1 and e 2 to xy-plane become parallel as illustrated in Fig.5 . Finally the initial FM E 2 for forearm is determined as follow:
φ = tan −1 e 2x e 1y − e 1x e 2y e 1x e 2x + e 1y e 2y .
Relation between FM and longitudinal axes of arm
The third movement is to estimate the relation between the 3D sensors and longitudinal axes of upper limb. In this procedure, upper limb is suspended downward so that the direction of gravitational acceleration becomes parallel to that of upper limb as illustrated in Fig.6 . Assuming that unit vectors which indicate the longitudinal axes of upper arm and forearm are represented as L 1 and L 2 , these vectors are calculated as
where g 1 and g 2 are gravitational acceleration measured by the 3D sensors on upper arm and forearm, respectively. Moreover measuring the length of upper arm and forearm as l 1 and l 2 , vectors L 01 and L 02 indicating the orientation of upper arm and forearm based on Σ 0 are determined as follows: Translation of the upper arm is obtained by the double integration of the acceleration of the upper arm a 01 based on Σ 0 and the connection of elbow joint in L 01 and L 01 gives the orientation of upper limb using E 1 and E 2 .
Elimination method of integral error
Since it is difficult to remove the integral error which results from numerical integration applied to the measured data from accelerometer, many researchers avoid using the accelerometer for the position sensing system. To overcome this problem, the authors have proposed modification method to reduce the integration error and to achieve the 3D measurement of forearm trajectory during pitching motion. Details of the elimination method of integral error are introduced in Ref. (11), (13). However there are no constraint condition about the final position after the throwing motion in the present study although the final position of the pitching motion must return to the initial position to reduce the position error caused by the integration of velocity in the previous study (11) . Therefore, modification method of the position is proposed here. Assuming that estimated velocity v m (t) as the result of integration of acceleration is expressed as sum of actual velocity v r (t) and unknown error v e like
then the trajectory p(t) of the 3D sensor is obtained as
where p f is the final position of pitching motion measured by a scale and p e is the calculated position from numerical integration of velocity. Duration of pitching motion is T . The trajectory of the 3D sensor is precisely obtained from double integration of 3D acceleration applying the modification method mentioned here.
Experimental setup and condition
Pitching experiments are conducted to measure the 3D trajectory and orientation of upper limb and to evaluate the effectiveness of the proposed method. The 3D sensor illustrated in Fig.7 to acquire the precise position of shoulder, elbow and wrist by placing optical markers on acromion for shoulder, lateral epicondyle of humerus and medial epicondyle of humeras for elbow joint and ulnar styoids process and radial styloids process for wrist joint, respectively, as illustrated in Fig.8  (15) . The position of optical markers is captured at sampling frequency of 120 [Hz] and is oversampled to 1000 [Hz] applying cubic spline interpolation. Figure 10 illustrates the pitching form performed in this study (14) . The subject stands still for setup at 1, then right arm is raised and left foot touches on the ground at 2 (foot contact). Next right elbow moves toward the pitching direction y with trunk rotation to left at 3 (maximum shoulder external rotation) and then the arm accelerates until ball release at 4 (release). After the ball release the subject performs follow-through at 5 (fielding position) and reaches to the final position at 6.
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Vol. slight difference is observed around the beginning of throwing motion. For the confirmation of the proposed method, the estimated trajectory of upper limb without applying the estimation method of spatial relation is shown in Fig.12(b) . Since the sensor axis is dealt as being parallel to the longitudinal axis of the upper limb in spite of careless installation, the estimated trajectory is different from the measured one through the pitching motion. Three dimensional positions of shoulder, elbow and wrist are compared between the 3D sensor (blue lines) and the MCS (red lines) as shown in Fig.13 Table 1 indicates the average value of R and RMS of error derived from the experimental results performed 23 trials. Upper values in each cell result from the application of estimation method of spatial relation between the FM and longitudinal axis, while bottom values are obtained by applying the conventional method in which the sensor axis is assumed to be parallel to the longitudinal axis of upper limb (12) . Correlation coefficients of x and y direction are more than 0.95 and shows excellent agreement with the measured trajectory while that of z direction is slightly small since the vertical displacement is smaller than the horizontal one and is comparatively effected by the integration error. On the contrary, the RMS of z direction is below 10 [cm] and is smaller than the RMS of horizontal movement. Moreover the application of estimation method of spatial relation significantly improves R of all parts in x and y directions, R of wrist in z direction and RMS of error of all parts. Table 2 compares coefficients a and b of correlation equation Eq.(18) between the application of the proposed method and the conventional method like Table 1. All the trajectories are estimated smaller than the actual one about 10 [%] except for wrist in y direction. Moreover it is found that a in y direction and b in all direction of elbow, and a and b of wrist in all direction are significanty improved by applying the proposed method. On the other hand coeffients of shoulder in all direction are not significantly improved since the 3D sensor used to estimate the trajectory of upper arm is installed near the shoulder joint and error in orientation hardly affects the position of shoulder. The average of coefficient a at all part in all direction is a = 0.92 ± 0.19 in case of applying the proposed method while the application of conventional method gives a = 0.81 ± 0.42, which indicates that the estimation error is reduced by half. Overall the estimated trajectories show good agreement with the position measured from the MCS although double integration of body acceleration has the possibility to cause huge integral error and the 3D sensor is installed except the sensor orientation relative to upper limb from consideration.
Results and discussion
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Conclusions
Estimation method of three-dimensional trajectories and orientation of upper limb during pitching motion has been proposed using body-mounted sensor. Predetermined motion of arm swing, flexion/extension of elbow, and hanging of arm are introduced to determine the spatial relation between the 3D sensor and upper limb, and the elimination method of integral error is applied to obtain the pricise trajectory of upper limb during the pitching motion. The experimental results indicate that the proposed method can be used to estimate the trajectory and orientation of upper limb during pitching motion without careful installation of the sensor system on upper limb independent of the measurement location.
Future works will be the development of the measurement system used at outdoor field and the biomechanical analysis such as torque of elbow and shoulder (6) , (16) .
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